We present a new multidimensional femtosecond spectroscopy technique based on spectrally resolved 2-colour 3-pulse photon echoes for investigating molecular dynamics in a variety of systems including proteins. In this technique the sample is illuminated by two femtosecond 'pump' pulses with wave vectors k 1 , k 2 and wavelength O pump and a femtosecond 'probe' pulse with wave vector k 3 and wavelength O probe . Nonlinear signals are generated in the phasematching directions k 4 = -k 1 + k 2 + k 3 and k 6 = -k 3 + k 1 + k 2 . These signals are analysed in spectrometers equipped with CCD detectors and the spectra of the signals are recorded for various values of (i) the delay t 12 between pulses 1 and 2, (ii) the delay t 23 between pulses 2 and 3, and (iii) the wavelengths O pump , O probe . The technique has been used for studying vibrational and electronic dynamics of dye molecules, such as cresyl violet in methanol, and ultra-fast transient processes that occur during the photo-dissociation of carbonmonoxy myoglobin (MbCO) into myoglobin (Mb) and CO.
Introduction
Following the pioneering of 'femtochemistry' 1 in the 1980s, there has been much interest in developing multidimensional femtosecond laser techniques, similar to those successfully used in NMR, to study ultra-fast dynamical processes in complex molecular systems [2] [3] [4] . These techniques include nonlinear coherent spectroscopies such as stimulated photon echoes based on sequences of femtosecond laser pulses and Raman echoes involving two or more pairs of femtosecond pulses followed by a probe pulse. Multiple-pulse nonlinear coherent techniques probe correlations between the electric fields generated in the phase-matching directions by the different pulses and allow detailed spectroscopic information to be obtained in the presence of inhomogeneous broadening. Spreading the information over more than one dimension, for example, by using several pulses with independently controllable time delays, helps to unravel and extract the complex dynamical and spectroscopic information, such as relaxation rates of the level populations, dephasing rates or inhomogeneous broadening of the optical transition, vibrational structure and couplings.
The detection of DNA at very low concentration is made possible by labelling the DNA with a dye. The oxazine dye cresyl violet binds strongly to DNA and RNArich cell compounds, e.g., in nerve tissues. This high affinity implies the use of cresyl violet for labelling and visualization of these tissue types. Dye molecules are often distinguished by a relatively complex structure and in many cases this makes the assignment of vibrational modes, even by isotope substitution, or comparison with related structures quite difficult 5 . For studying the dynamics of proteins it is necessary to know the details of the vibrational structures and the structural dynamics of the labelling molecules.
We present a multidimensional spectroscopy technique based on spectrally resolved 2-colour 3-pulse photon echoes in the visible wavelength range for investigating vibrational and electronic dynamics of the dye molecule cresyl violet in methanol and ultra-fast transient processes that occur during the photo-dissociation of carbonmonoxy myoglobin (MbCO) into myoglobin (Mb) and CO.
Theoretical background
The polarization induced in an isotropic medium by pulsed optical radiation may be expanded as a sum of terms involving odd powers of the optical electric field E:
where
,….. are the first-order, third-order ….. susceptibilities. The induced nonlinear polarization generates a signal electric field E S (t), which for low optical density and perfect phase matching is directly proportional to the nonlinear polarization. For low light intensities the nonlinear polarization is given by the third-order term P (3) . For excitation with three temporally separated optical pulses, having electric fields E 1 , E 2 , E 3 and (angular) frequencies Z 1 , Z 2 , Z 3 , the third-order nonlinear polarization may be expressed in terms of nonlinear response theory as
where t 1 , t 2 , t 3 are time variables between pulses 1 and 2, 2 and 3, and 3 and the signal, respectively; and N is the sample concentration. R A and R B are optical response functions given by
where t 12 , t 23 are the time delays between pulses 1 and 2, 2 and 3, respectively. R I to R IV and their complex conjugates are third-order nonlinear response functions. When the signal is recorded with a slow detector, i.e., in a time-integrated measurement, the photon echo signal is given by
0 where P (3) is given by Eqs. (2), (3) . In such a timeintegrated measurement information about the temporal shape of the nonlinear polarization is lost and to retain such information additional measurements such as time-gated or heterodyne-detected measurements may be used 6 .
An alternative way to obtain detailed information about the temporal evolution of the nonlinear polarization is to record the spectrum of the photon echo signal using a spectrometer 4 . The frequency-domain nonlinear polarization is determined by Fourier transformation of the time-domain nonlinear polarization [Eq. (2)] with respect to t:
The spectrally resolved photon echo signal intensity is then
When the first and second pulses temporally overlap (or partially overlap) in the sample, the pulses interfere to create a periodic standing wave pattern, which can induce a population grating by absorption in the sample. In the present 2-colour 3-pulse experiments in which Z 1 = Z 2 z Z 3 , the probe pulse can be diffracted by the population grating in the phase-matching direction k 4 = -k 1 + k 2 + k 3 with frequency Z 4 = Z 3 . In this case the spectrum of the population grating signal is determined by the spectral profile of the probe pulse I probe (O D ). The total nonlinear signal spectrum, including the contribution of the population grating, can then be written as (7) where For two-colour experiments with Z 1 = Z 2 z Z 3 , conservation of momentum and energy leads to the following phase-matching directions and signal frequencies: k 4 = -k 1 + k 2 + k 3 ; k 5 = -k 2 + k 3 + k 1 ; k 6 = -k 3 + k 1 + k 2 ; Z 4 = Z 3 + GZ 4 ; Z 5 = Z 3 + GZ 5 ; Z 6 = -Z 3 + 2Z 1 + GZ 6 , where the GZ represent frequency shifts associated with the transfer of optical coherence between transitions of different frequency. Thus, in 2-colour experiments in which Z 1 = Z 2 z Z 3 , the signal for k 5 is the same as for k 4 but with the sign of the coherence time t 12 reversed, while the signal for k 6 can yield additional information to that of k 4 or k 5 .
Experiments
Our femtosecond laser system consists of a modelocked Ti: sapphire oscillator and a regenerative amplifier which delivers 80 fs, 1 mJ pulses at a wavelength of 800 nm and repetition rate 1 kHz. The laser pulses from the regenerative amplifier are split into two beams which pump two independently tunable optical parametric amplifiers (OPAs), thus providing a two-colour source of femtosecond laser pulses. Frequency resolved optical gating (FROG) measurements show that the pulses from the OPAs, when optimised, have very little linear chirp. The OPAs have several options for frequency generation -second harmonic generation (SHG), fourth harmonic generation (FHG) or sum frequency generation (SFG) -allowing coverage of a broad range of wavelengths (250 -2000 nm) with pulse duration of about 100 fs. The FWHM of the spectral profile of the pulses from the OPAs is 250 -350 cm -1 (7 -12 nm in the visible wavelength range). The output of the first OPA is split into two beams, which act as the pump pulses k 1 and k 2 , and the output of the second OPA acts as the probe pulse k 3 . The three pulsed beams with time delays t 12 and t 23 are aligned in a triangular configuration and focussed by a 15 cm focal length lens into the sample. The signal is measured in the phase-matching directions k 4 and k 6 and detected by spectrometers equipped with CCD arrays and having a spectral resolution of about 1 nm.
Results and discussion
We illustrate the spectrally resolved two-colour three pulse photon echo technique for cresyl violet in methanol (10 -4 M). The maximum of the linear absorption band of cresyl violet occurs at 600 nm.
i) Detection of k 4 = -k 1 + k 2 + k 3 : Figure 1 shows the spectrum of the signal in the k 4 4 . ii) Detection of k 6 = -k 3 + k 1 + k 2 : Figures 2 and 3 show spectra of the signals in the k 6 direction. The photon echo signal has a wavelength O 6 | -O 3 + 2O 1 + GO 6 . At the time delay t 23 = -30 fs and for detection in the k 6 direction, the pulse k 3 precedes k 2 and k 1 and the 'coherence time' is now given by t 23 and the 'population time' by t 12 . When scanning the delay time t 12 and for short wavelengths O 3 signal in the spectral region at -O 3 + 2O 1 is not observed. A signal appears in this region for the case of a probe wavelength at 615 nm and contributes to the blue shift observed in Fig. 2d . The oscillations and spectral splitting observed in the detected spectra can be used to determine the splitting of vibrational energy in the ground and excited states. The clear spectral splitting is observed for the probe wavelengths at 615 and 620 nm, ~ 340 cm -1 (~12 nm), is in close agreement with the lowest vibrational wave number of the cresyl violet spectrum, 335-343 cm -1 .
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By scanning t 23 the spectrum around -O 3 + 2O 1 can be observed at either a short delay time (for O 3 < 600 nm) or a long delay (for O 3 > 600 nm). The evolution of the spectrum versus delay t 23 can be considered as two regions corresponding to GO 6 < 0 and GO 6 > 0 which can be related to the dynamics of coherence transfer in the ground and excited states, respectively. For a qualitative interpretation of the observations in the k 6 direction we consider a two electronic state system S 0 -S 1 consisting of two excited vibrational levels |e² and |ec² and two ground vibrational levels |g² and |gc², as illustrated in the molecular energy level diagram in Fig.1A and Fig.1B and the lower excited level |e². The second pulse k 2 with wavelength O 2 < O 3 takes the system down to level |g² to create optical coherence U eg . The third pulse k 1 with wavelength O 1 = O 2 can then create optical coherence U gcec between levels |gc² and |ec², allowing generation of a 'pure' four-wave mixing (FWM) signal for the transition |ec² o |g² at wavelength ~ -O 3 + 2O 1 in the phase-matching direction k 6 . The four-wave mixing signal is expected to be observed when the three pulses are present at the same time and to decay rapidly at the effective optical dephasing time T 2 . If the effective dephasing time is very short (e.g., for levels |gc² and |ec²) the 'pure' FWM signal is not observable which is the case in Fig. 2a and Fig. 2b . A similar set of transitions can be considered for the case of O 3 < O 1 = O 2 as illustrated in the energy level diagram B of Fig.1 . The interaction of the first two pulses with the system cannot create populations in the ground levels U gcgc , U gg or in the excited levels U ee , U ecec directly because the two pulses have different frequencies. However, when the optical coherence U gce can be transferred from the transition |gc² o |e² to |g² o |e² during vibrational relaxation in the ground state |gc²o |g², population can be generated in the ground and excited states which can then lead to generation of a photon echo signal at frequency Z 6 with a time delay characteristic of the ground-state vibrational relaxation time.
We are currently using spectrally resolved 2-colour 3-pulse photon echoes to investigate ultra-fast transient processes that occur during the photo-dissociation of carbonmonoxy myoglobin (MbCO) into myoglobin (Mb) and CO. Myoglobin is the single heme analogue of the more complex haemoglobin and is responsible for the storage of oxygen in animals and plants. Broad absorption bands occur near 560 nm (Q-band) and 420 nm (Soretband). Figure 4 shows the contour plots of the temporal evolution of the photon echo spectra versus population time t 23 for Mb and MbCO for O 1 = O 2 = 580 nm, O 3 = 600 nm and t 12 = 0 fs. The spectrum for MbCO is significantly narrower than for Mb and the population lifetimes are comparable when allowance is made for the slowly decaying background of photo -product states. MbCO exhibits a sustained blue shift of ~ 42 cm -1,7 relative to Mb, which is close to the assigned frequency for the heme doming mode, involving Fe motion out of the mean heme plane and an associated distortion of the heme from planarity. This shift, in addition to the narrower spectral shape of MbCO, may be due to the partially dissociated photo-product [Mb*….CO], which still contains the carbon monoxide molecule compared with the fully dissociated Mb. The photon echo spectra also exhibit quantum beat oscillations, which have frequencies and decay time in reasonable agreement with the Raman ground state vibrational data reported elsewhere for myoglobin 7 . Fourier spectra of the quantum beat patterns show significant difference in the intensities of given vibrational modes for the MbCO photo-product and Mb. 
Conclusions and future directions
Spectrally resolved 2-colour 3-pulse photon echo spectroscopy in the visible provides a potentially powerful multidimensional technique for studying vibrational and electronic dynamics of molecules on a femtosecond time scale. The detection of the spectra of the photon echo signals in a spectrometer equipped with a CCD detector provides a convenient way of obtaining an additional dimension without the requirement of an additional scan (and hence additional data collection times). In particular, the multidimensional spectra can be used to probe the time evolution of the amplitude of the third-order nonlinear polarization induced in the sample by the three laser pulses. The large number of available degrees of freedom allows one to separate and extract certain specific types of spectroscopic information in complex molecular systems. The use of different colours for the pump and probe pulses together with spectral analysis of the photon echo signals allows separation of the dynamics of the ground and excited states. The use of spectrally resolved photon echoes also allows the resolution of different quantum beat frequencies corresponding to different selected energy levels.
We plan to apply the technique of spectrally resolved 2-colour 3-pulse photon echoes to study molecular and electronic dynamics in a range of complex molecular systems including biological protein molecules and lightharvesting molecules.
